Courtyards may be a good passive strategy for enhancing thermal comfort and reducing the energy demands of buildings. It is necessary to quantify the air temperature drop in the courtyards of buildings in dominant summer climates. Computational Fluid Dynamics (CFD)-based methods have the drawback of high computational cost and complexity, so their use is limited to research purposes and advanced users. This work proposes a simplified predicting method for the decrease in air temperature in Mediterranean courtyards from the results of several experimental campaigns. Three variables have been identified that characterize the decrease in the air temperature in courtyards, all of which depend mainly on the confinement factor of the courtyard. The method could be very useful for architects and designers looking for the optimal design of this kind of space in the early stage of design.
optimal design for courtyards as a passive strategy for enhancing the thermal comfort and energy performance of buildings.
This study presents a simplified method of characterization that makes it possible to predict the air temperature drop in a courtyard in accordance with the parameters that this depends on. First, by means of different monitoring campaigns performed in different courtyards in Andalusia, a set of variables were identified that characterize the decrease in air temperature inside courtyards compared with that outside. To take into consideration a wide range of applications for the proposed method, courtyards were selected with sufficiently different characteristics. This decrease can be estimated when the value of these variables are known for each case under study. Next, to achieve generality, the factors were identified that these characterization variables depend on, making it possible to predict the decrease in air temperature accordingly. Having determined this decrease by applying the proposed method, the air temperature inside the courtyard can be calculated from that outside, if available, by means of experimental measurements or simulation. Finally, the predictive method proposed was validated by comparing the results obtained with the air temperatures measured during an additional monitoring campaign.
The methodology presented in this study and the characterization derived from it are focused on the self-conditioning effect of courtyards in Mediterranean climates; that is, in dominant summer climates with no heat sources or heat sinks. Thus, this characterization serves as the basis for any courtyard, with or without heat sources and/or sinks; and in cases where these are present, corrections must be made accordingly.
The courtyard house typology in the Mediterranean and Middle East regions has been identified as an interesting traditional architectural solution to attemperate outdoor summer conditions [25] . These houses consist typically one or two floors with a central courtyard around which the different rooms of the house are distributed. The ventilation and illumination of these rooms is done mainly from the courtyard rather than from the streets adjacent to the house [26, 27] . This is a traditional design that should be re-activated in contrast to contemporary designs based on glazed facades [28] .
Methodology
The ultimate objective of this methodology is to be able to provide a fast and simple estimation of the air temperature drop in common Mediterranean courtyards with respect to the exterior air temperature, while avoiding the need for a CFD simulation, which involves a high computational cost and other drawbacks as mentioned above in Section 1.
To do this, it is necessary to identify the variables which this temperature decrease depends on. Basically, it mainly depends on the exterior climate, the courtyard itself, and the building or group of buildings where the courtyard is located [29] [30] [31] .
The influence of exterior climate is mainly related to the speed and patterns of the air flow, the air temperature, and solar radiation, and should take into account the shade resulting from the layout of the courtyard itself or that provided in any other way (such as shading devices). These variables are considered in the 'Summer Severity Index' (SSI), calculated as the comparison between the cooling demand of a certain building and that which the same building would have in a reference locality, where the reference locality is Madrid [29] . Different authors have proposed a severity climatic index as the relationship between the climate conditions and the energy use for heating or cooling in buildings [32] [33] [34] . Thus, the SSI was the characteristic parameter used in this study for taking into account the effect of the climate outside.
The courtyard dependence comes mainly from its own geometry and from the existence or not of heat sources and/or sinks (such as vegetation, sources of water, or any other water bodies). This study has focused on the self-regulating effect of most general courtyards, in which there are no heat sources or sinks. The self-regulating effect lies in keeping the air temperatures of the courtyards slightly different to those of the exterior. Thus, the characterization serves as a basis for any Mediterranean-type courtyard with or without these heat sources and/or sinks; in cases where heat source or sinks are present, corrections must be made accordingly. Therefore, this influence has not been taken into consideration. The scientific literature of the analysis of the thermal behaviour of buildings and open spaces uses certain parameters to reach generality in the results. A clear example is the dimensional analysis from the equations that govern the air movement and the surface and volumetric energy balances. In the volumetric energy balance, the volume of the treated zone is the main variable that quantifies the effect of the above mentioned self-regulation, and, analogously, a surface area is, at the same time, the main variable in the surface balance. In the case of interest of a courtyard, there is both balances, surface and volumetric, and for this reason a relationship between these two variables of interest is needed. From the different surfaces that appear in a courtyard, the more representative is the area of the upper opening, since through this opening takes place the input and output from and towards the outside, and it is also from where solar radiation enters the zone to reach the different surfaces of the courtyard. Thus, the influence of the courtyard's geometry is largely determined by its geometric shape, the area of the air inlet and outlet, and its volume. To take this influence into account, the 'confinement factor' (CF) was defined as a characteristic parameter; this is calculated as the ratio of the volume of the patio to the area of the air inlet and outlet.
Regarding the building, the dependence is mainly determined by the window to wall ratio, the thermal storage capacity of the building envelopes, and the indoor conditions. The characteristic parameter for taking into account this influence is the use given to the building, which can be residential or tertiary.
To find the functional dependence of the temperature of the courtyard with the main variables that this may depend on, different experimental campaigns were conducted, in which the courtyards of several real buildings were monitored. Due to the large amount of resources that this research involves, the experimental campaigns were limited to a reduced number of cases. As stated above, the courtyards selected for this study did not have any heat sources and/or sinks. To take into consideration some variability in the influencing parameters, courtyards were selected in buildings situated in different climate zones (according to the 'Spanish Base Document for Energy Saving in Buildings' (DBHE) 2013 [30, 35] ), with different CF values, and with different types of use (residential and tertiary). Regarding climate zone, some buildings were selected in coastal areas (mild climate) and others were located inland (severe climate). All of these climate zones are characterized by temperate dry and hot summers, referred to as 'Csa' according to the Köppen-Geiger climate classification [36] , which is the predominant climate in Mediterranean regions.
By analyzing the experimental results, an equation was formulated to characterize the decrease in air temperature produced in courtyards with regard to the exterior temperature in accordance with the dependent variables. The data obtained through the additional experimental campaign were used to validate the predictive model proposed.
Experimental Campaigns
The first case study corresponds to a courtyard in a block of residential buildings located near the port of Málaga. This area is classified as an A3 climate by DBHE 2013 [24], with an SSI value of 1.28. It is an L-shaped courtyard with a floor measuring 5.7 m × 23.5 m, a total height of 11.1 m, and a CF = 15.44 m.
The second courtyard was shared by different offices of the teaching staff of the new engineering school of the University of Cádiz, located on the university campus in Puerto Real (Cádiz), which is next to a natural park. This area is classified as an A3 climate by DBHE 2013 [24] , and has an SSI value of 1.08. The courtyard has a straight, rectangle shape, with one floor measuring 3.8 m × 16.0 m, a height of 9.55 m, and a CF = 9.55 m.
The third courtyard is a domestic courtyard in a detached home in the centre of Seville. The climate is classified as B4 by the DBHE 2013 [24], with an SSI of 1.87. It is a hotter variety of the Mediterranean climate than that found in Málaga and Cádiz. The courtyard has a straight, rectangle shape, with one floor measuring 2.7 m × 3.0 m, a height of 3.3 m, and a CF = 9.55 m. Finally, a courtyard was selected in a commercial building in the centre of Córdoba, which is also classified as a B4 climate, according to DBHE 2013 [24], with an SSI of 1.86. The courtyard has a straight, rectangle shape, with a floor measuring 9.0 m × 9.6 m, a height of 7.45 m, and a CF = 7.45 m. The floor dimensions make it an intermediate size, smaller than a large courtyard such as the one in the block of buildings in Málaga and bigger than a domestic one, so that the study included a wide range of sizes of Mediterranean courtyards. Table 1 shows the different case studies with the SSI and CF values, as well as the kind of use of the building. In order to practically understand what a certain value of SSI implies, 0.6 is the lower value in Spain (Burgos), 1 corresponds to Madrid, and 1.87 is the maximum value (Seville). The values (courtyards) in this work have been selected to take into consideration locations with a dominant summer climate.
The courtyards of Córdoba and Málaga were monitored for two weeks in experimental campaigns that took place in July 2014 from the 1st to the 15th and from the 16th to the 31st, respectively. The courtyard of Seville was monitored in October 2014 from the 1st to the 15th. Finally, the experimental campaign of Cádiz took place in June 2015 from the 15th to the 24th. These data were used to generate the predictive model. In addition, a final campaign was carried out, also in June 2015, from the 25th to the 28th, in the courtyard in Cádiz. Data from this final campaign were used for validation purposes.
In total, 15 TESTO 174T mini data loggers were used to record the temperature at different points inside each courtyard. Meanwhile, another mini data logger was used to store the temperature outside each courtyard. These data loggers, with dimensions of 60 × 38 × 18.5 mm, can measure in a range of temperatures between −30 and 70 • C, with a precision of ±0.5 • C and a resolution of 0.1 • C. All of the mini data loggers were programmed beforehand to record data every 5 min during the whole monitoring period. All the data loggers were protected from direct sunlight by a box opened in its lower part that was made by the authors and lined with an insulating layer. Figure 1 shows one of the mini data loggers used and the solar protection.
As an example, the position of the mini data logger is shown on the inside of the courtyard monitored in the engineering school in Cádiz ( Figure 2 ). The 15 mini data loggers were distributed in three equidistant vertical planes along the longest side of the courtyard floor. On each plane, 5 mini data loggers were placed in an X-shape. Figure 2 shows the position of the mini data loggers on one of the planes. In addition, another mini data logger was placed on the roof of the building, close to the courtyard being monitored, to record the exterior air temperature data. This distribution of the data loggers was kept in all of the courtyards. Figure 3 shows the relative position of the data loggers with respect to the ground and facades for Cádiz, and Figure 4 shows each courtyard dimensions.
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For each courtyard monitored and each day of measuring, a calculation was made of the differences in the air temperatures recorded by each of the sensors in the courtyard and those recorded by the sensor on the exterior. As an example, Figure 5 shows the results of the decrease in the air temperature observed in the engineering school courtyard in Cádiz, for each day of monitoring and for each sensor. It shows that the temperature differences occur in the middle of the day, the highest values at approximately 12:00. The distribution of the temperature differences can approximate a Normal distribution, corrected by introducing a scale-factor, , which makes it possible to force the distribution to pass through the point of the maximum decrease in temperature (approximately 6 °C in the case of the engineering school in Cádiz). This distribution is shown in Figure 5 by a solid black line.
Thus, there are three variables that characterize the drop in temperature in the courtyard: two that follow the Normal distribution, mean value ( ) and standard deviation ( ), and the scale-factor ( ) introduced in addition. Therefore, the expression that characterizes the decrease in temperature using these three parameters is shown in Equation (1). The mean value of the distribution corresponds with the time at which the maximum temperature difference is observed (ℎ ). In turn, the standard deviation can be calculated from the range of times in which 80% of the experimental measurements are found ( ∆ℎ ) according to Equation (2) . Finally, the scale-factor, , can be calculated using the standard deviation value and the maximum temperature difference recorded (∆ ) according to Equation (3).
∆ = √2
(1)
Thus, the three variables that characterize the drop in the air temperature in the courtyards are ℎ , ∆ℎ , and ∆ . By determining these characterization variables, it is possible to calculate the distribution parameters, and, consequently, estimate the drop in the air temperature. Table 2 shows the value of the characterization variables and the distribution parameters for one of the courtyards monitored in the different experimental campaigns. The distribution of the temperature differences can approximate a Normal distribution, corrected by introducing a scale-factor, c, which makes it possible to force the distribution to pass through the point of the maximum decrease in temperature (approximately 6 • C in the case of the engineering school in Cádiz). This distribution is shown in Figure 5 by a solid black line.
Thus, there are three variables that characterize the drop in temperature in the courtyard: two that follow the Normal distribution, mean value (µ) and standard deviation (σ), and the scale-factor (c) introduced in addition. Therefore, the expression that characterizes the decrease in temperature using these three parameters is shown in Equation (1). The mean value µ of the distribution corresponds with the time at which the maximum temperature difference is observed (h max ). In turn, the standard deviation σ can be calculated from the range of times in which 80% of the experimental measurements are found (∆h 80 ) according to Equation (2) . Finally, the scale-factor, c, can be calculated using the standard deviation value σ and the maximum temperature difference recorded (∆T max ) according to Equation (3).
Thus, the three variables that characterize the drop in the air temperature in the courtyards are h max , ∆h 80 , and ∆T max . By determining these characterization variables, it is possible to calculate the distribution parameters, and, consequently, estimate the drop in the air temperature. Table 2 shows the value of the characterization variables and the distribution parameters for one of the courtyards monitored in the different experimental campaigns.
To obtain generalization, factors were identified on which these characterization variables depend, or, in other words, the distribution parameters of the drop in air temperature. The mean value µ is observed to be approximately the same in all of the cases, so a value of 0.6 is proposed, independent of the climate, confinement factor, and the type of use the building has. In turn, the scale-factor c and the standard deviation σ only depend on the confinement factor, as is shown in Figure 6 , where c is shown as an example. To obtain generalization, factors were identified on which these characterization variables depend, or, in other words, the distribution parameters of the drop in air temperature. The mean value is observed to be approximately the same in all of the cases, so a value of 0.6 is proposed, independent of the climate, confinement factor, and the type of use the building has. In turn, the scale-factor and the standard deviation only depend on the confinement factor, as is shown in Figure 6 , where is shown as an example. Figure 6 . Dependence of the scale-factor, , with Summer Severity Index (SSI) and confinement factor (CF).
Thus, it is necessary to determine the expressions that make it possible to calculate and from the confinement factor, as can be observed in Figure 7 . These expressions are given according to Equations (4) Therefore, it is only necessary to determine the confinement factor of the courtyard to obtain an estimation of the distribution parameters of the drop in air temperature in the courtyard. After calculating these distribution parameters, and therefore the decrease in air temperature, by using Equation (1), and knowing the exterior temperature, it is possible to calculate the air temperature inside the courtyard. Thus, it is necessary to determine the expressions that make it possible to calculate c and σ from the confinement factor, as can be observed in Figure 7 . These expressions are given according to Equations (4) and (5) respectively, so both are related according to Equation (6) . To obtain generalization, factors were identified on which these characterization variables depend, or, in other words, the distribution parameters of the drop in air temperature. The mean value is observed to be approximately the same in all of the cases, so a value of 0.6 is proposed, independent of the climate, confinement factor, and the type of use the building has. In turn, the scale-factor and the standard deviation only depend on the confinement factor, as is shown in Figure 6 , where is shown as an example. Figure 6 . Dependence of the scale-factor, , with Summer Severity Index (SSI) and confinement factor (CF).
Thus, it is necessary to determine the expressions that make it possible to calculate and from the confinement factor, as can be observed in Figure 7 . These expressions are given according to Equations (4) and (5) Therefore, it is only necessary to determine the confinement factor of the courtyard to obtain an estimation of the distribution parameters of the drop in air temperature in the courtyard. After calculating these distribution parameters, and therefore the decrease in air temperature, by using Equation (1), and knowing the exterior temperature, it is possible to calculate the air temperature inside the courtyard. Therefore, it is only necessary to determine the confinement factor CF of the courtyard to obtain an estimation of the distribution parameters of the drop in air temperature in the courtyard. After calculating these distribution parameters, and therefore the decrease in air temperature, by using Equation (1), and knowing the exterior temperature, it is possible to calculate the air temperature inside the courtyard. Figure 8 shows the courtyard and exterior air temperature data recorded by each of the mini data loggers for several days of monitoring in the courtyard of the engineering school in Cádiz. It shows that the slope of rise in the courtyard's air temperatures is less pronounced than that of the external air temperature, which generates negative temperature differences between the courtyard and the exterior that are maintained for several hours (from approximately 08:00 until 16:00). At the end of this period of time, the courtyard air temperatures equal that on the exterior until a time when the courtyard temperatures begin to be higher (from approximately 16:00 until 22:00), generating positive temperature differences that are maintained until the early hours of the following morning (from approximately 22:00 until 08:00). The same behaviour was observed in all of the courtyards monitored during the different research campaigns, but in each courtyard the time at which the temperature differences began, and their duration and intensity, were not the same. The phenomenon observed may be largely due to the heat storage capacity of the envelopes that the courtyards (walls and floor) are made of, which results in a delay and buffering of both the rise in daytime temperatures and the drop in night-time temperatures with regard to that outside. In addition, the geometry of the courtyard enables the courtyard conditions to be maintained for a limited time, depending on the CF. Sustainability 2017, 9, 1401 10 of 15 Figure 8 shows the courtyard and exterior air temperature data recorded by each of the mini data loggers for several days of monitoring in the courtyard of the engineering school in Cádiz. It shows that the slope of rise in the courtyard's air temperatures is less pronounced than that of the external air temperature, which generates negative temperature differences between the courtyard and the exterior that are maintained for several hours (from approximately 08:00 until 16:00). At the end of this period of time, the courtyard air temperatures equal that on the exterior until a time when the courtyard temperatures begin to be higher (from approximately 16:00 until 22:00), generating positive temperature differences that are maintained until the early hours of the following morning (from approximately 22:00 until 08:00). The same behaviour was observed in all of the courtyards monitored during the different research campaigns, but in each courtyard the time at which the temperature differences began, and their duration and intensity, were not the same. The phenomenon observed may be largely due to the heat storage capacity of the envelopes that the courtyards (walls and floor) are made of, which results in a delay and buffering of both the rise in daytime temperatures and the drop in night-time temperatures with regard to that outside. In addition, the geometry of the courtyard enables the courtyard conditions to be maintained for a limited time, depending on the CF. To validate the predictive model proposed for estimating the air temperature inside a courtyard, an experimental additional campaign (#5) was conducted in the courtyard of the engineering school in Cádiz during summer 2015, from 25 to 28 June. Figure 9 shows the exterior air temperature of these days ('S-Ext.' in the figure) and courtyard air temperatures ('S-1' to 'S-15' in the figure) measured experimentally along with the estimated ones ('Estimated' in the figure) obtained by applying the proposed model. As the figure shows, the calculated courtyard air temperatures are very close to those observed experimentally, R 2 being equal to 0.98. To validate the predictive model proposed for estimating the air temperature inside a courtyard, an experimental additional campaign (#5) was conducted in the courtyard of the engineering school in Cádiz during summer 2015, from 25 to 28 June. Figure 9 shows the exterior air temperature of these days ('S-Ext.' in the figure) and courtyard air temperatures ('S-1' to 'S-15' in the figure) measured experimentally along with the estimated ones ('Estimated' in the figure) obtained by applying the proposed model. As the figure shows, the calculated courtyard air temperatures are very close to those observed experimentally, R 2 being equal to 0.98. To validate the predictive model proposed for estimating the air temperature inside a courtyard, an experimental additional campaign (#5) was conducted in the courtyard of the engineering school in Cádiz during summer 2015, from 25 to 28 June. Figure 9 shows the exterior air temperature of these days ('S-Ext.' in the figure) and courtyard air temperatures ('S-1' to 'S-15' in the figure) measured experimentally along with the estimated ones ('Estimated' in the figure) obtained by applying the proposed model. As the figure shows, the calculated courtyard air temperatures are very close to those observed experimentally, R 2 being equal to 0.98. Table 3 shows a comparison between the estimated and measured air temperatures of the courtyard. For different values of the measured air temperature in between 18 and 39 • C, the mean value of the estimated ones along with the standard deviation is presented. The maximum difference between the estimated mean value and measured air temperature is 0.68 • C, when the latter is 18 • C, whereas a maximum standard deviation of 0.82 • C is found when the measured air temperature is 34 • C. Table 4 shows the values of the distribution parameters calculated from the characterization variables measured in the experimental validation campaign and those obtained by directly applying the simplified model proposed in this work for a CF value of 9.55 m. 
Results and Validation of the Model

Conclusions
As microclimate modifiers, courtyards may be a good passive strategy for enhancing the thermal comfort and reducing the energy demands of buildings, especially in hot climates. Thus, it is necessary to be able to quantify the tempering effect of courtyards in dominant summer climates.
The methods of calculation based on CFD have the drawbacks of a high computational cost and complexity, meaning that, to ensure the accuracy and consistency of the results, their use is limited to advanced users with a high level of knowledge. Alternatively, a simplified method that can explain and therefore predict the air temperature inside courtyards without the need for CFD techniques could be very useful for professionals looking for the optimal design of this kind of space as a passive strategy for enhancing the thermal comfort and energy performance of buildings by means of energy assessment programs into which these methods are incorporated.
This study presents a simplified characterization method for predicting the air temperature inside a courtyard in accordance with the dependent parameters. The application of the method is limited to the Mediterranean or dominant summer climates.
The results of the different experimental campaigns conducted show that the drop in the air temperature inside courtyards compared with the exterior temperature can be approximated by means of a Normal distribution corrected by introducing a scale-factor. In turn, the three parameters of this distribution, including the scale-factor, can be calculated using three characterization variables:
